The study of battery behaviors has become a necessity in order to design efficient battery management systems for large-scale energy storage applications. This paper developed an open-circuit-voltage (OCV) characterization system implemented with sequential-control algorithms to study the OCV characteristics in Mn-type Li-ion batteries and their electrode properties regarding the phase-transition mechanisms. Differential voltage (DV) and incremental capacity (IC) techniques are applied for analyzing the phase-transition behaviors. Based on the changes of DV and IC characteristics for the OCV, the phase-transitions are discussed and evaluated to understand electrochemical changes and deterioration mechanisms in the batteries during cycling operations.
Introduction
In recent years, Li-ion batteries (LIBs) have been pervasively used as large-scale power sources and energy storage devices in various applications such as electric vehicles, renewable energy storage systems and backup/standby units in power and telecommunication systems. A battery management system (BMS) is indispensable for safety and long-cycling operations. The state of health (SOH) of the LIB is one of the important elements in the BMS to observe the trends of deterioration before reaching the damage and end of life (EOL) of the batteries [1, 2] . Numerous researchers have reported interesting studies about the SOH and capacity deterioration of LIBs [3, 4, 5, 6] . However, they focused on the utilization in model applications, which is based on the impedance changes and capacity and power fades of the cells to estimate the battery lifetime and healthiness without considering the electrochemical processes inside the battery. The BMS development requires an understanding of the internal electrochemical behaviors of the LIBs.
The key process to understand the phenomena regarding the SOH and deteriorations inside the battery is the phase-transition mechanism in charge and discharge operations.
The aim of this study is to understand the relevant mechanisms and meaning of open-circuit-voltage (OCV) characteristic changes during the phase-transitions in a Lithium Manganese Oxide battery (LMO). In this research, we developed an OCV characterization system to extract the OCVs for studying the LIB behaviors, and to identify characteristic changes regarding the phase transformations. A rechargeable LMO, which comprises of positive spinel-type and negative graphite electrodes, was used in the study. The extracted OCVs were analyzed with differential voltage (DV) and incremental capacity (IC) techniques to study the phase-transition and interpret the related characteristic behaviors. This paper is organized as follows: Section 2 introduces a phase-transition that occurred in the LMO. Section 3 proposes a design of the OCV characterization system. A methodology for phase-transition analysis is summarized in Section 4. The phase-transition mechanisms in the LMO related to the OCV characteristics are discussed and analyzed in Section 5. Finally, a conclusion is given in Section 6.
Phase-transition in the LMO
The phase-transition is referred to as a changing of the crystal structure during the cycling operations. An understanding of phase-transition behaviors is important in order to study the SOH and deterioration occurring inside the battery. [7, 8] . This constitution gives a stable structure in the spinel compound resulting in high thermal stability for overcharge, high nominal voltage per cell, low internal resistance, notable performance for fast charge/discharge operations and higher safety than other conventional Lithium Cobalt Oxide (LCO) batteries [9] .
During the charge and discharge, the LMO phase-transitions are assorted with two features via intercalation and de-intercalation mechanisms, respectively. One is the lithiation of -MnO 2 around 3 V (vs. Li/Li + ), which is a lithium insertion into a spinel electrode leading to Li 2 Mn 2 O 4 . The other one is the de-lithiation of LiMn 2 O 4 around 4 V (vs. Li/Li + ), which is a lithium extraction from the same electrode leading to -MnO 2 . 10) In this study, the 4V-region of the OCV is only being observed. The observation under 3 V will be neglected to avoid the violation of operations under voltage limits of the cell. The phase-transition is closely related with the battery deterioration. In order to understand their characteristic changes and phase-transition behaviors, the OCV characterization system is developed, as shown in detail in the next section.
Design of the OCV characterization system
This section explains an OCV characterization method and a design of a characterization system for studying the phase-transition behaviors in the LMO.
Cell specification and OCV characterization method
In this study, a single cell, 3.5 Ah, 3.8V norminal Lithium manganese oxide (LiMn 2 O 4 //LiC 6 ) module from NEC-Tokin was used for testing. The cell has a rating of 3.0-4.2V operating limit , 3.5A max charge /20A max discharge , and temperature ranges for the charge and discharge of 0 to 40°C and −10 to 50°C, respectively.
A pulse test method based on the galvanostatic intermittent titration technique was used for the OCV characterization [11] . The OCV is referred to as an equivalent voltage source of the LIBs indicated in a function of the state of charge (SOC). It can be directly measured at the terminal of a battery after energizing constant pulse currents and taking a rest at approximate 60 min for each pulse to allow the battery to recover close to its equilibrium.
The tests were setup using the same condition at a step-size (ΔSOC) of 1-5% with a constant current amplitude of 0.05C-rates (or 0.175 A) at 20°C following a recommendation for the accurate OCV characterization [12] .
The extracted OCV is indicated as a function of the SOC. The tests were performed within operating voltage ranges of the cell from 3.0 V to 4.2 V (0-100% of SOC) for the charge and 4.2 V to 3.0 V (100-0% of SOC) for the discharge. Based on the coulomb counting method, the SOC can be calculated by Eq. (1).
where I B is the battery current in A, Q B is an accumulated capacity in Ah, SOC 0 is an initial value of the SOC, and the SOC is between 0 and 1 calculated at a definite time t 0 to t cut-off within the voltage limits of the battery.
OCV characterization system and design criteria
The OCV characterization usually takes a significant amount of time. In order to extract the OCVs safely, it is necessary to develop a reliable test system. In this section, a computer-controlled OCV characterization system is proposed as shown in Fig. 1 . The general purpose interface bus (GPIB)-based sequential-control and protective algorithms were developed in a LabVIEW environment for controlling the charge/discharge processes and testing instruments. For the design criteria, the test system could manage all of sequential operations automatically without malfunctions for any LIB types after inputting necessary setting-parameters such as current amplitudes (C-rates), step-sizes of the pulse test, rest times, pulse cycles, current and voltage protection limits and charge/discharge cut-off voltages. Moreover, the system could record a real-time status (with 10 ms/sampling) during the operations such as battery current, voltage, tested cycle, SOC, testing and resting durations, date, time, status and alarm messages in case of violating the protection limits, and could represent them onto the display monitor. The control sequence of the OCV characterization system is divided into the following 2 parts: one is the discharge system, and the other is the charge system. 1) Design of discharge system A proposed discharge system with the sequential-control flowchart and the discharge characterization procedure are shown in Fig. 2 . In the discharge system, over current (OCP), over power (OPP) and under voltage (UVP) protections, as well as discharge cut-off voltage limit (DCV) detection were designed in order to test the LIB safely. The battery is discharged following sequential procedures. The discharge current is cut when reaching the pulse discharge time for each cycle. The cell rests until the voltage is settled and close to its equilibrium. Then, the OCV is recorded. During the discharge operations, the accumulated charge and SOC are also calculated. The test is repeated until reaching the DCV, and the protection system turns off the discharger if it detects some failures during the operation. 2) Design of charge system A charge system based on the constant current to constant voltage (CC-CV) method was designed for the OCV characterization to prevent the over voltage after reaching a full charge. A proposed charge system with the sequential control flowchart and the charge characterization procedure are shown in Fig. 3 .
Current cutting algorithms (CCA) for our CC-CV module are divided into three modes. The first mode cuts off when the current exceeds a full-charged cutting current threshold (FCCT) during the CV state. In the CV state, the cell voltage is kept constant. Then, the cell current is reduced until close to zero. The FCCT value is set at 0.1% (0.001C-rates) to make sure that the battery reaches a full charge. The second mode is a pulse-timer mode (pulse_chg), which is used for the OCV characterization. This mode considers the current cutting conditions on both the pulse time and the FCCT value. The process for recording the OCV is similar to the discharge system. The third mode is a standard-charge mode (std_chg). It is a charging state by the CC-CV method, and is then cut off at 2.5 hrs without the FCCT consideration. This mode is recommended by the manufacturer in order to charge the battery in a standard condition before any discharge tests occur, and in order to compare the battery capacity under the different environments. During the charge processes, the accumulated charge and SOC are also calculated.
Methodology for phase-transition analysis
In order to study the phenomena that occur during phase-transitions in the LMO, the differential voltage analysis (DVA) and incremental capacity analysis (ICA) were used. DVA and ICA are non-destructive methodologies, which use only a numerical process and have no need of a physical separation for each half-electrode of the testing cell. They can also be applied for investigating the cycling deterioration of LIBs during the operations [13, 14] .
After extracting the OCV E and Q B data in Section 3 and forming a polynomial OCVðQ B Þ model in Eq. (2), the OCV fitting coefficients (') were determined by a nonlinear least square technique in MATLAB following the objective function in Eq. (3). Then, the DVA and ICA can be obtained by Eq. (4) and (5), respectively.
where Q B is an accumulated capacity in Ah, OCV E is the extracted OCV, m is the number of Q B and OCV E data, n is the best-fit order of the model, ' is the OCV fitting coefficient, ' ¼ ½' 1 ; ' 2 ; Á Á Á ; ' n and fð'; Q B Þ is an OCV model function for the objective equation.
5 Phase-transition analysis in the LMO
OCV and phase-transition relationships in the LMO
The OCV characteristic of LIB depends on the difference in electrochemical potential of their specific material properties for electrodes and the effective concentration of Lithium during operations. The OCVs extracted from the charge and discharge experiments in Section 3 are shown with the black line in Fig. 4 . The start and end of the charge operation in Fig. 4a (Regions 2 and 6) give the minimum and maximum concentrations of Li-ions, respectively, and a steep rise of voltage implies the increase of Lithium concentration at the electrode surfaces and interface of the electrolyte [15] . While the decrease of Lithium concentration is found at the end and start of discharging for Regions 2 and 6 in Fig. 4b , respectively. Two-step potentials (Regions 3 and 5 on the voltage profiles), which are nearly a constant voltage, reflect a small changing of Lithium concentration that intercalated between electrode surfaces during the phase transition. These behaviors can be explicitly interpreted by observing the voltage changes to their related capacities (dV/dQ) with the DVA. Fig. 4 also shows the DV characteristics with the blue color, and the phase-transitions can be clearly illustrated with the peaks of dV/dQ (Region 4) between the two flat-plateaus. The dV/dQ quantitatively has slight differences between the charge and discharge as shown in Fig. 4a and 4b , respectively. All regions for the phase-transition explanation are also identified by these immediate changes of the DV between the plateaus.
The two-step potentials on the voltage profile are evaluated by the incremental capacity (dQ/dV vs. V) from the ICA. The trends of dQ/dV characteristics to the OCV have also slight differences between the charge and discharge as shown in Fig. 5a and 5b, respectively.
The LMO electrode has a two-phase transition property [16] . For the first phase transition, Li-ions are inserted into the octahedral site in a spinel structure at approximately 3 V [17] as shown by Region 1 in Fig. 4a and 5a . This transition results from a changing of the crystal structure from the LiMn 2 O 4 cubic spinel structure (Fd3m space group) to the Li 2 Mn 2 O 4 orthorhombic spinel structure (Fddd space group) with a rock-salt composition on the electrode surface [18] . During the insertion of Li-ions, the manganese ions are changed from Mn 4+ to Mn 3+ in relation to the gradual increasing of the accumulated capacity on the electrode [16] . As a result, the dV/dQ for the charging process is continuously decreased at an intermediate state (Region 2 of Fig. 4a with the blue color) corresponding to the gradual increases of dQ/dV on the IC curve (Region 2 of Fig. 5a ) as the first phase transition (3 V). However, the phenomenon at this state for the discharging is occurring conversely (Region 2 of Fig. 4b and Fig. 5b) . Such a phenomenon that keeps the trends of the characteristics looks similar to both charge and discharge. This behavior is consistent with a slow reduction of accumulated discharge capacity near the first transition. Next, we consider the second phase transition. From Region 4 in Fig. 4 (the black line), the obvious potential peaks around the 4V-region can be observed. These peaks between two-step potentials occurred around 3.88-3.91 V and 4.06-4.12 V for charging (Regions 3 and 5 in Fig. 4a ), and occurred around 3.87-3.90 V and 4.05-4.11 V for discharging (Regions 3 and 5 in Fig. 4b) . These two-step potentials are indicated by the low dV/dQ (mostly exhibiting a constant voltage during changing of capacity) as shown by Regions 3 and 5 (the blue color) in Fig. 4a and 4b , respectively. Besides, the peak of dQ/dV as shown in Fig. 5 can also represent the two-step potentials. The steep increase of the dQ/dV implies that the concentration of Lithium at this state is hardly changed with the injected charge. These IC peaks clearly illustrate the starting point of the step potential. In Fig. 5a , the dQ/dV peaks for charging shown in Regions 3 and 5 are 14.76 Ah/V and 24.35 Ah/V, respectively, while the dQ/dV peaks for discharging shown in Regions 3 and 5 (Fig. 5b ) are 11.67 Ah/V and 17.85 Ah/V, respectively. The deintercalation process is referred for the second phase transition. In this state, a spinal structure is starting to change back from the orthorhombic to cubic structures. Liions are extracted from the tetrahedral sites of the spinel structure at approximately 4 V with the two-step potentials separated by 0.10-0.15 V [19] . In addition, a twostep process observed on the voltage profile is due to the ordering of Li-ion diffusion. In this state, a Li-ion is on the one-half of the face sharing for the tetrahedral 8a sites along the diffusion path, where Li-ions are moving rapidly to the vacant octahedral 16c site along the 3D structure of the 8a-16c-8a-16c pathway. This ordering, followed by a steep potential peak, causes a second phase transition [8, 17] . This transition behavior between the two-plateaus of electrochemical equilibrium condition can be clearly seen from the peak areas of dV/dQ, which are 0.1983 V/Ah (at 67% SOC) for charging and 0.2127 V/Ah (at 69% SOC) for discharging as illustrated by Region 4 in Fig. 4a and Fig. 4b, respectively . A steep slope of dV/dQ at the end of charging indicates the abrupt voltage increase for the surplus charge at the end of the intercalation process as illustrated by Region 6 of Fig. 4a . On the contrary, a steep slope of dV/dQ at the start of discharge indicates the abrupt voltage decrease for the surplus charge at the starting of the deintercalation process as illustrated by Region 6 of Fig. 4b . In conclusion, a phasetransition behavior in the LMO can be explicitly interpreted with the related experimental OCV associated with dV/dQ and dQ/dV on the DV and IC curves, respectively.
Variation of characteristics in the LMO with the cycling operations
In order to study the influence of characteristic changes and deterioration of the LMO on the phase transition, a cell was tested with a full rate of charge and discharge. The OCV and incremental capacity characteristics of the LMO were extracted for 400 cycles, 1,200 cycles and 2,400 cycles as shown in Fig. 6 .
The OCV patterns in Fig. 6a slightly change with the cycles. A shrinking of tails on the OCV curves reveals that the increasing cycles affect the drop of the capacity of the cell. A buildup of the OCV around the knee point can be clearly observed by transforming it into the IC characteristic ( Fig. 6b ) after the first phase transition around 3.70 V and 3.74 V for discharge and charge, respectively. This steep voltage change stems from the large variation of a concentration of Lithium. These phenomena are noticeable after the cycling number of the cell increases. The extracted IC characteristics of Fig. 6b can also be used to display a slight change of the OCVs, especially in the linear-region range around the middle part of Fig. 6a . They obviously show that the increasing number of cycles reduces the peak amplitudes and shifting of peak positions around the 4V-region. The deterioration of capacity and IC with cycling operations is shown in Fig. 7 . Fig. 7a shows the capacity fade and accumulated capacity per SOC on the increasing of cycles. The results show that capacity fades of the cell for 400 cycles, 1,200 cycles and 2,400 cycles increase by 11.55%, 12.56% and 16.02% for charge and 11.72%, 13.31% and 17.18% for discharge, respectively. The cycling capacity fade is mainly due to the loss of cycleable lithium with growing of the solid electrolyte interface (SEI) layer on the surface of the carbon-based negative electrode [20] , and is partly due to the loss of active electrode materials [21] . Fig. 7b shows the reduction of IC peak amplitudes and shifting of peak positions between the peaks A and B of Fig. 6b for the cycling operations. The reduction of IC peaks reflects the cycling capacity fade for the process of intercalation and de-intercalation, while the shortening of the distance between the peaks around 4V-region reflects the shrinkage of the two-step potentials during the phase transformation. The cell deterioration can be explained in term of the phase transformation during lithium intercalation/de-intercalation. In the intercalation process, Li-ion occupies a tetrahedral coordination and Mn-ion occupies an octahedral coordination in the form of MnO 6 . During the intercalation and deintercalation, the transformations between cubic and orthorhombic crystal systems are occurring. Cubic lattices are stretched to orthorhombic lattices along orthogonal pairs for the intercalation, and the process is reversed for Lithium de-intercalation [22, 23] . The distortion by the changing of structure causes crystal asymmetry and causes stress. This results in electromechanical grinding on those spinel particles that affect the reversibility of the phase-transition and gradual capacity deterioration during the cycling operations [18] . These tendencies of cycling deterioration can be observed by the peak changes of dQ/dV around the 4V-region, the average rate of the reduction of peak amplitudes and the narrowing of the voltage gap between the two peaks is approximately 5:406 Â 10 À3 % per cycle and 3:919 Â 10 À3 % per cycle, respectively.
Conclusion
In this paper, phase-transition mechanisms of manganese-type Li-ion batteries were studied. The open-circuit-voltage (OCV) characteristics were extracted using a proposed characterization system, and analyzed with the differential voltage (DV) and incremental capacity (IC) techniques to understand the phase transformation behaviors of the cell. The DV peak indicates the second phase-transition around the 4V-region, while the IC peak indicates the starting point of the OCV step plateau, which is the electrochemical equilibrium condition during the phase transformation. The capacity fade and variation of the IC peaks can be used to observe the deterioration of the cell. The cycling operation reduces the IC peak amplitudes and narrows the voltage gap between the peaks by 5:406 Â 10 À3 % per cycle and 3:919 Â 10 À3 % per cycle, respectively. This phase-transition study helps us to understand the basic mechanism of cycling capacity fade and the deterioration occurring in the LIB, and can provide us with essential knowledge for further investigations regarding the cell deteriorations and state of health monitoring under the cycling operations for the BMS development.
